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Abstract
Computational Analysis of the Stability Limits of Premixed
Methane-air Combustion in Micro-channels
Almoutazbellah Kutkut
Technological progress in the last decades facilitated the development of integrated microsystem
devices, including electrical and mechanical components for micro-electro-mechanical systems
(MEMS). Such systems necessitate an external power supply, but typical batteries yet have some
unavoidable limitations. To address this problem, numerous studies have been conducted to
develop alternatives powered by micro combustion – in order to effectively utilize the high-density
energy of hydrocarbon fuels. Such a global need has resulted in much more attention devoted to
the combustion-based micro-power generation systems. However, to better understand the typical
combustion characteristics in such microscale systems, design and performance restrictions need
to be further examined. A notable research step in this direction is undertaken within the frame of
the present thesis, where the behavior of a premixed methane-air flame in a quartz microreactor
of diameter 2.3 mm, with a wall temperature externally controlled by a McKenna-style flat-flame
burner fueled by a hydrogen-air mixture, is computationally studied. A premixed methane-air
mixture is supplied to this microreactor at various inlet velocities in the range from 0.1 m/s to 0.6
m/s. In addition, various equivalence ratios in the range 0.6 ≤ 𝜙 ≤ 1.4 are considered and further
investigated at two inlet velocities of 0.2 m/s and 0.4 m/s. Such a combination of equivalence
ratios and inlet velocities provides insights into the impact of the equivalence ratio on both the
stable and unstable flames. The present simulation results are validated by the prior experimental
data as well as by other similar studies in the literature, with good agreement observed. The present
work provides in-depth insights into a variety of phenomena such as ignition, flame propagation,
flames with repetitive extinctions and ignitions (FREI) and flame stabilization. In particular, the
ignition time and location, the flame span, and the FREI-related characteristics are scrutinized.
The present work also provides a solid basis to predict the flame behavior under various conditions
and aid in acquiring knowledge of the combustion dynamics for many practical combustors.
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1 Introduction
Combustion is an exothermic chemical reaction involving a combustible material and an oxidant
(such as air, oxygen or fluorine). This oxidation, however, differs from other oxidation reactions
since it produces a release of energy (in the form of heat) as well as light, burnt matter and exhaust
gases. The combustion products resulting from the chain-branching chemical reactions that break
the chemical bonding in the fuel. In particular, when such a chemical reaction is initiated by the
heat transfer and the chain reaction species within an active layer, this layer turns out to be the
source of the resultant heat and the radicals. Thereafter, the original layer becomes competent for
initiating a new chemical reaction in the adjacent layer. Chemical reactions in the combustion
process have distinctly nonlinear reaction rates, being self-sustaining until the combustible fuel is
consumed or by achieving thermal equilibrium, which occurs when the energy content of both the
reactants and the products are equal.

1.1 Combustion fundamental terminology
Equivalence ratio (𝜙): It is defined as the actual fuel-to-oxidizer ratio scaled by the stoichiometric
fuel-to-oxidizer ratio,
𝐹/𝑂 𝑟𝑎𝑡𝑖𝑜

𝜙 = (𝐹/𝑂 𝑟𝑎𝑡𝑖𝑜) =
𝑠𝑡

𝑚𝑓𝑢𝑒𝑙
⁄𝑚𝑜𝑥
.
𝑚𝑓𝑢𝑒𝑙
⁄𝑚𝑜𝑥 )𝑠𝑡
(

(1.1)

There are three main regimes for the fuel/oxidizer mixture, namely: fuel-lean (𝜙 < 1, excess of
the oxidizer, so the fuel is completely burned and consumed); stochiometric (𝜙 = 1, so the fuel
and oxidizer are balanced and completely consumed) or fuel-rich (𝜙 > 1, excess of the fuel, with
a limited amount of oxidizer).
Flammability limit: The entire limiting range of concentrations for a mixture of flammable
materials in the air over which flame will be generated if the mixture is ignited.
Premixed flame front: The highly concentrated release of energy in a very thin zone, forming sheets
of the flame after the ignition occurs. The flame fronts are self-propagating zones initializing a
large temperature difference between the burnt and unburnt gases, allowing the combustion
process to occur as the flame propagates in the direction of the unburnt species. It is noted that
such a phenomenon is valid only during deflagrations, where combustion occurs in a subsonic
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environment, unlike detonations, where the combustion process is supersonic and the reactions
propagate due to shock waves.
Flame quenching diameter: For the case where the fuel/oxidizer mixture is located in a channel,
the limiting channel diameter enables the mixture to ignite and allows flame propagation such that
if any further reduction in the diameter is applied, then flame quenching is inevitable.

1.2 Classifications of the combustion process
There are various classifications of the combustion processes, whether based on the nature of the
process, the reactant species, the physical scale, mixing regimes, or even the speed of the reaction
rate as compared to the speed of sound. First, combustion can either be classified as complete or
incomplete. In complete combustion, the reactant species are entirely burned in the oxidizer (i.e.
oxygen) producing a limited number of products. In a particular case of hydrocarbon oxycombustion, the resultant products at the end of the reaction are water (H2 O) and carbon
dioxide (CO2 ). However, in the event of incomplete combustion, the reaction may produce, say,
H2 O and carbon monoxide (CO). Besides, the mixing regimes are another standard classification
of the combustion process, namely: premixed and diffusion (non-premixed) combustion. The latter
means that the combustible matter and the oxidizer are initially segregated (not mixed); they are
being fed to the combustion zone separately, yet they get mixed later in the burning zone. Premixed
combustion occurs when the combustible fuel is already mixed with the oxidizer before the
ignition starts [1]. It is worth mentioning that premixed combustion is also categorized into two
regimes, that is the deflagration (subsonic) and the detonation (supersonic) [1,2]:
•

Deflagration (flame): A premixed combustion reaction that propagates due to heat transfer,
with the speed of the order of 1 m/s (i.e. much lower than the sound speed, which is about
340 m/s a room-temperature air. The pressure increase during a deflagration occurs almost
uniformly throughout the enclosure as the combustion process evolves. Deflagrations are
widely noticed in our daily life, say, in internal combustion engines [2,3].

•

Detonation: A type of combustion that involves waves propagating at supersonic speeds
through the unburned fuel. The detonations significantly differ from the deflagrations. The
pressure rise during a detonation is highly non-uniform and occurs instantaneously as the
shock wave propagates through the fuel/oxidizer mixture. If the combustion speed is
2

slightly less than the speed of sound, such that the pressure rise is non-uniform but shock
waves do not occur, then such an explosion is called a quasi-detonation [2,3].
Moreover, in some cases, combustion may accelerate impulsively, with the flame spreading
dramatically faster, resulting in a transitional event, the so-called deflagration-to-detonation
transition (DDT) [3-5]. Combustion can also be categorized based on various scales depending on
the physical length, and the size of a combustor, starting from large-scale spaceships and rocket
engines and moving to the most accurate miniature micro-thrusters [6]. Microscale combustion
can also be described and defined by the flame quenching diameter [7].

1.3 Microscale combustion
1.3.1 Overview of micro-combustion
Latest developments in micro-manufacturing technologies have dramatically accelerated the
versatility of microelectromechanical systems (MEMS), unmanned aerial vehicles (UAV), and
communicational and sensing devices. These devices necessitate compact, durable, and promptly
rechargeable power supplies capable of delivering power ranging from 10-3 W to 102 kW [8,9].
Aiming to maximize the operational lifespan of these devices and motivated by significantly higher
energy densities stored in hydrocarbons as compared to most advanced batteries, microscale
combustion research has been actively conducted to take advantage of such higher energy densities
by promoting its efficiency and minimizing greenhouse gas emissions [10,11]. The cutting-edge
batteries available nowadays have an energy density of 0.05-0.265 kWh/kg, which is ~1/60 of a
typical hydrocarbon fuel, e.g. methane (CH4) [7,12]. Micro-combustion relies on many physical
and chemical processes to achieve the demanding outcomes, such as gas-phase, surface reactions,
species transport, thermal properties of the combustor material as well as thermal and mass
diffusion, convection heat transfer and even radiation heat transfer [7,13]. In a microscale
combustor, the combustion characteristics differ from those of a conventional “macro-combustor”.
This is mostly attributed to the differences in length scales, time scales, the surface area per unit
volume (SAV) ratio, and the thrust-weight ratio (TWR) [14]. The combustion process becomes
slightly less efficient as compared to that in macro-combustors, due to concentrated heat losses
from the burning zone to the combustor wall. On the other hand, the resulted TWR is significantly
higher for micro-combustion devices due to the inverse correlation between the characteristic
length and the TWR [15]. In premixed combustion, the characteristics of flame propagation are
3

substantially affected by the fuel oxidation chemistry, transport properties, heat loss and radical
loss. The effects of heat losses and radical losses on the propagation of a premixed flame dominate
and are directly related to the flame stability conditions, and even flame quenching, since the total
heat release rate of a micro combustion system is relatively small.
1.3.2 The rising demand for microscale combustion
As stated previously, the recent progression of miniature devices has grown remarkably and
emphasizes the feasibility and the multi-functionality of MEMS as well as the communicational
and sensing devices. In virtue of that, and with the increasing demand for portable devices such as
cell phones, laptops and micro-thrusters, the market demand for small power generation devices
will continue to mature. Many of these devices are currently powered by lithium-ion batteries
which possess low energy density, thereby being able to provide only several hours of usage for
such devices as laptops or HD cameras. Furthermore, this time reduces with recharges as batteries
have a limited number of rechargeable cycles. In addition, a lack of battery waste disposal options
results in environmental concerns. Micro-satellite thrusters require a relatively small thrust and a
high impulse for a long operation period [16], so a typical micro-thruster calls for propellants with
a large energy density (~4 kWh/kg) [7]. Therefore, battery-powered thrusters are incapable of
providing such requirements efficiently. Furthermore, surveillance micro-drones also require
compact and functional power generators for propulsion and electric power from W to kW [17].
Moreover, advanced communication systems such as 4G and 5G cell phones and laptops urge
researchers to develop higher energy density sources and, at the same time, minimize recharging
time. In order to improve the operational lifetime of different power devices, the energy densities
of various fuels and energy conversion systems need to be further scrutinized. Fig. 1.1 illustrates
a comparison of energy density for lithium-ion batteries, hydrocarbon fuels, diesel engines, microengines, micro-fuel cells and monopropellants [18], while Fig. 1.2 gathers various microscale
combustion applications. It is seen that the energy density of a lithium battery is ~1/20 of a diesel
engine and ~1/60 of a hydrocarbon fuel such as methane. Such comparison distinctly shows that
the energy density of micro-combustors (assuming an energy conversion factor with a low of 10
%) exceeds that of lithium-ion batteries by a factor of ~6.
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Fig. 1.1: Comparison of specific energy densities of various energy sources as well as various engines [19].

Fig. 1.2: Applications of microscale combustion [6].

As such, microscale combustors powered by hydrocarbon fuels can potentially substitute lithiumion batteries to supply a much higher energy density for the advancement of MEMS including
micro-thrusters, telecommunication devices and even biomedical applications. In order to employ
the resultant thermal energy from microscale combustion devices, it is essential to develop an
effective methodology for converting it into useful electric power or kinetic energy. Conventional
gas turbines are utilized to produce kinetic energy or even special miniature thrusters manufactured
for such a particular purpose [20], whereas electric power conversion is obtained via the thermophotovoltaic effect [21].
5

1.3.3 Challenges in microscale combustors
Microscale combustors are distinguished from macroscale (conventional) ones in various features
and characteristics. Some remarkable differences are dominant in their influence on the combustor
performance. The first and most notable is the physical length scale, if the physical dimension of
the combustion chamber is of the order of 1 mm, it is accepted among researchers as a microscale
[7]. If the physical length of combustion exceeds this limit and becomes of the order of ~1 cm,
then such a phenomenon is called mesoscale combustion [6,7]. Moreover, the surface area per unit
volume (SAV), the residence time (defined as the time duration of a residing generated flame in a
control volume), the thrust-weight ratio as well as the combustion efficiency are all other striking
variables significantly affected by the combustion scaling factor. The small size of microscale
combustors is a limitation set by the application nature, while the greater SAV, on the one hand,
and the shorter residence time, on the other hand, are the inevitable consequences of the scaling
reduction. The combustion efficiency of a microscale combustor is lower than that of a macroscale
one, which is attributed to the higher SAV, emphasizing the heat loss rate through the combustor
walls. However, the thrust-weight ratio is quite high for microscale combustors as compared to
that of macroscale combustors. Apart from heat losses to combustor walls, radical losses (chemical
quenching) to reactive walls are also a possible cause of flame quenching in microscale combustors
[8]. The radicals are essentially responsible for affecting the stability of the combustion process,
along with its self-acceleration rate and the heat losses throughout the walls, which might be
considerable in many cases.

1.4 Flame dynamics
1.4.1 Premixed flame structure
During a typical premixed combustion process, the burnt matter and the fuel/oxidizer mixture exist
at opposite sides of the flame front, with a gap between them, where the reaction zone and the
flame front itself are located. As a result, the flame structure is determined by various phenomena,
namely: the heat transfer modes, viscosity, mass diffusion, and species transport [22]. As depicted
in Fig. 1.3, the flame structure includes the active reaction zone inside a much wider flame front,
where noticeable differences in the fuel/oxidizer mass fractions, temperature, flame speed, and
reaction rate, all the way across the flame, are evident; see Fig. 1.4.

6

Fig. 1.3: A schematic of premixed flame structure.

In the modelling of premixed flames, various approaches are employed, depending on the level of
complexity and details required. In the first approach (the Landau limit), which is also the simplest
one, the flame is considered as a discontinuity surface – an interface (where the flame sheet starts
to form gradually) separating two different fluids. In the second approach, the flame is expanded
to contain a preheat zone, with a consideration given to the chemical transport properties in the
flame. In the third approach, illustrated in Fig. 1.5, more in-depth details such as thermal and
molecular diffusion are considered [23].

Fig. 1.4: Characteristic temperature and density behavior inside a planar premixed flame [24].

7

Fig. 1.5: The flame structure at the molecular level [22].

1.4.2 Premixed flame propagation
One of the discussed features, when it deals with combustion science, is flame propagation. It is
one of the phenomena that explains the behavior of the flame and enables the researchers to
scrutinize the flame and ignition properties for hydrocarbon premixed microscale combustion, in
particular, and premixed combustion, in general. Flame propagation refers to the spreading of a
“combustion wave” or a reaction zone through the combustible fuel/oxidizer mixture [25] in the
case of the deflagration (not detonation!) regime of burning. Combustion and flame propagation,
most of the time, occur simultaneously when a combustible fuel is deposited at high temperatures,
depending on the nature of the fuel composition and the combustor geometry. The formulation,
referred to as the quantitative theory of flame propagation, describes mass and heat transfer from
the reaction zone to the unburnt (colder) mixture. The rise of enthalpy across the burning zone, as
a result of a combustion process, is carried throughout heat conduction from the reaction zone. The
flame front propagates with a velocity determined by the fuel composition, the equivalence ratio,
the inlet temperature and pressure of the combustible premixture, the inlet pressure, the flow rate,
and the system geometry [26]. Particularly, combustion and flame propagation are the processes
of heat transfer by which an unburnt gas or combustible material is raised to the ignition status
through a temperature increase, as explained by the quantitative (Zeldovich-Frank-Kamenetsky;
ZFK) theory of flame propagation. Generally, flames propagate distinctively in different scenarios.
Some flames could be strong, others could be weak and oscillatory, while there are fuels that
produce a mild flame, others have turbulence-induced flames. In the latter, flame propagation is
triggered by a turbulent flow and vortices, which might include heterogeneous explosions [25]. At
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a microscale level, preserving the flame stability is quite challenging and is currently being studied
by various researchers for different types of combustion devices. Flames can be classified as stable
or unstable or, what is known in the literature, as flames with repetitive extinction and ignition
(FREI) [27,28]. The heat loss through the combustor walls and thermal and kinetic coupling of
microscale and mesoscale combustion results in interesting flame instability phenomena such as
FREI, spinning combustion [29], spiral and other flame patterns. These phenomena are inherent
to microscale combustion and have been rarely detected in large-scale combustion. When the local
wall temperature of a microscale channel is increased above the auto-ignition temperature by either
a thermal coupling or an external heat source, ignition will occur, and the resulting flame may
propagate upstream. If the wall temperature in the upstream region is reduced or the upstream
channel width is below the quenching diameter of the planar flame, an extinction will eventually
occur upstream. Since the downstream wall remains hot and, at the same time, the unburnt mixture
enters the combustor and reaches a location where the wall temperature is higher than the ignition
temperature, auto-ignition will be initialized again, and the cycle will occur periodically and form
a FREI instability mode.

1.5 Motivation and objectives
1.5.1 Motivation
The recent advancements in nano- and micro-manufacturing technologies have significantly
emphasized the reduction in scale as well as the versatility of micro-electrical, micro-mechanical,
communicational, sensing, chemical, and biomedical devices. Such devices have the need for a
compact, long-lasting lifetime, and instantaneously rechargeable power sources. The demand for
such performance specifications motivated researchers to utilize micro-combustion phenomena
since these miniature devices primarily rely on batteries as a power source. The low energy density,
the limited rechargeable cycles and the waste disposals are the main issues that facilitate the idea
of exploring a new power source for such devices. Consequently, micro-combustion has been
intensively examined and scrutinized from different aspects; namely: the ignition process, flame
propagation and its dynamics, the flame stability modes, the influence of the boundary conditions
as well as of the fuel composition and combustor material. All these efforts are employed to exploit
the high energy density of the hydrocarbon fuels and the instant power delivery and to diminish
the downsides of microscale combustors such as the relatively high heat losses and the propagating
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flame instability modes. Furthermore, the current state of technology in microscale combustion
devices is gained by previous knowledge of chemical kinetics and combustion phenomena on the
one hand, and fast-paced progression in manufacturing technology, on the other hand. However,
the concept of successful micro-combustors is not an easy goal to achieve since many factors play
a crucial role in their evolution; namely:
➢ Insufficient understanding of microscale physics, specifically combustion stability,
quenching effects, flame stretch, flame blowout, etc.
➢ Deficiency in analytical and experimental evidence and verifications for particular
phenomena caused by experimental setup uncertainties.
➢ Complications in fabrication, especially at such a "micro" scale.
In this light, the current work is motivated by these challenges since it is particularly investigating
the flame behavior and the stability limits of methane/air combustion in a microreactor, aiming to
constitute a “healthy” stability mode region of the respective fuel mixture combustion under
various boundary conditions.
1.5.2 Objectives
This work primarily focuses on the implementation of a computational fluid dynamics (CFD)
software (Ansys FLUENT) to simulate methane/air combustion and thereby investigate the flame
behavior, the combustion characteristics, and the stability limits, specifically:
➢ Study the flame behavior at various inlet velocities in the range from 0.1 m/s to 0.6 m/s.
➢ Investigate the flame behavior at various equivalence ratios in the range 0.6 ≤ 𝜙 ≤ 1.4.
➢ Characterize the ignition properties and the flame stability.
➢ Identify the stability limits for methane/air combustion at different conditions.
➢ Compare and validate the current computational work with previous experimental results.
➢ Aiming to achieve an acceptable agreement with the previous experimental results.
➢ Contribute to the development of durable and functional microreactors.

1.6 Thesis overview
This thesis covers two different studies with two different changing parameters of the system to
analyze and scrutinize their impacts on the characteristics of a microscale methane/air combustion
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system and the flame dynamics. Namely, various (i) inlet velocities and (ii) equivalence ratios are
considered. The major focus of this thesis is on the flame dynamics and various ignition, extinction
and stabilization properties as well as the characteristics of the FREI. The thesis is organized as
follows. Chapter 2 overviews similar previous experimental and computational works categorized
as the methane/air, propane/air and hydrogen/air studies, in addition to the combustion instabilities.
Chapter 3 discusses the simulation domain, numerical models and the governing equations adopted
in this work. Chapter 4 explains the outset metrics and defines various ignition and flame
properties, then scrutinizes the two flame stability modes thoroughly. Here, the impacts of the inlet
velocity and the equivalence ratio are considered, whereas the first one investigates the impacts of
varying inlet velocity at a certain equivalence ratio. Subsequently, the equivalence ratio is varied,
with the analysis of a few simulations run at several velocities. Finally, the conclusion and future
work are presented in Chapter 5.

2 Literature review
The selection of the fuel contributes dominantly to microscale combustor design. As compared to
the conventional combustors, a micro-combustor performance is significantly constrained by (i)
the fuel mixture residence time required for complete combustion and (ii) the high heat transfer
rates at the combustor walls, which is influenced by the fuel mixture properties. Specifically, the
stable flammable range of hydrogen/air mixture is wider than that of propane/air and methane/air.
The maximum temperature regions of methane and propane combustion will be located further
downstream the channel (depending mainly on the variations in the flow rate of the mixture), which
directly affects the flame location and extends the reaction zone. Under the same thermal and
chemical conditions, the maximum wall temperature and the temperature gradient of hydrogen
combustion are higher than that of methane and propane ones. However, pinpointing to the average
wall surface temperature, methane and propane generally appear as more suitable fuel mixtures
for microscale combustion devices as compared to hydrogen mixtures even though hydrogen has
a higher energy release rate, a faster diffusion velocity, and a short reaction time. On the other
hand, methane/air combustion can sustain a stable flame in a micro-combustor with a minimum
channel width of only 2.3 mm, while the propane/air mixture can provide stable combustion at a
channel width of 2 mm, and hydrogen/air flames can be ignited in a micro-combustor of width of
1 mm.
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Raimondeau et al. [30] conducted two-dimensional (2D) computational simulations of gaseous
methane (C𝐻4 )/air combustion with a chemical kinetics modelled by 16 species and 46 reactions,
accounting for heat losses and radical reconsolidation at the combustor walls and identifying that
the heat loss near the entrance region as well as the radical extinguishing are the dominant factors
triggering the flame quenching.
Tang et al. [31] investigated, computationally, the performance of premixed C𝐻4 /air combustion
with hydrogen (𝐻2 ) addition in a micro-combustor, demonstrating a vigorous correlation between
combustion performance and 𝐻2 addition. For example, the simulation outcomes indicate that 𝐻2
addition to C𝐻4 remarkably promotes the burning rate and the flame stability by extending the
flammability limits of the fuel/air mixture. Moreover, increasing the 𝐻2 addition ratio (which is
the amount of C𝐻4 replaced by 𝐻2 with the same mass fraction such that the total fuel mass remains
constant) will result in a significant upgrade in combustion efficiency.
Kim et al. [32] studied, numerically, premixed C𝐻4 /air combustion in microtubes. The analysis is
performed at eight different conditions, with two distinct thermal boundary conditions (adiabatic
and isothermal walls) and four inlet velocity profiles (three profiles with non-slip and one with slip
conditions). In the adiabatic case, the flame propagation velocity is impacted by wall friction, while
for isothermal walls, local quenching adjacent to the wall is found, which dramatically influences
the flame structure and behavior. The flame shape and velocity were found to depend on the inlet
velocity profile and thermal (adiabatic/isothermal) and mechanistic (slip/non-slip) wall conditions.
Similarly, Karagiannidis et al. [33] conducted the numerical analysis of a catalytic micro-reactor
being a 1 mm gap channel of height 10 mm, fueled with a lean C𝐻4 /air mixture, to examine
combustion with detailed hetero-homogeneous chemistry at two pressures, 1 bar and 5 bar, with
various values for wall thermal conductivity, the heat transfer coefficient and the inlet velocity.
For the case of 5 bars, the range of the inlet velocities, at which the flame is stable, was detected
as wider than that in the case of 1 bar. The contribution of surface radiation was significant in the
unstable system, due to such heat loss, while for the case with limiting inlet velocities, for the
stable flames, the heat transfer aided stability by transferring heat from the hot to the cold segments
of the channel.
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Fig. 2.1: The stability diagram for CH4/air combustion in a micro-reactor. The markers depict blowout or extinction,
and the line is a smooth interpolation of the markers. In the low wall thermal conductivity regime, limited heat
transfer within the wall moderates preheating, whereas for high wall conductivity, heat loss from the entire burner
surface dominates [34].

Norton et al. [34] studied C𝐻4 /air combustion to show the effect of wall thermal conductivity on
the flame stability and material integrity of micro-burners. The thermal conductivity of the wall,
while being low, reduces the upstream heat transfer through the wall which, similarly, decreases
preheating of the feed and also results in the hot spots of high temperature on the wall, while high
thermal conductivity increases the heat transfer area and, hence, it results in extinction; see Fig.
2.1. Likewise, the impacts of the flow rate and the wall thickness have been scrutinized, with the
conclusion that a thin wall and a fast flow rate promote the chance for a blowout, while a thick
wall and a slow flow rate increased the heat transfer area, thereby reducing a chance for a stable
flame. Consequently, the optimal values in terms of the flow velocity, wall thermal conductivity,
and combustor dimensions have been determined providing sustainable C𝐻4 /air combustion.
Ayoobi el al. [35] investigated, computationally, the influence of the equivalence ratio and the
channel width on C𝐻4 /air combustion under the controlled wall heating, by imposing a linear
temperature gradient as a boundary condition on both walls. Two asymmetries have been observed
depending on the channel height, while the equivalence ratio determines whether the limit cycles
exhibit a flopping mode, where the local ignition and extinction in regions close to the wall produce
the oblique fronts that advance and reside along the wall and redirect the flow ahead of the flame.
In the case of the FREI mode, the asymmetric flames propagate away from the inlet, where they
experience extinction due to heat losses. Two flame kernels were observed in the wider channel,
while only one flame kernel was noticed in the narrower channel.
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2.1 Studies of propane/air microscale combustion systems
Various computational studies of propane/air combustion in a microscale system have been
performed in the past decade. In particular, Munir et al. [36] employed a concentric ring in a
cylindrical micro-channel to ameliorate the flame stability. The wall thermal conductivity was
varied to monitor the contributions of different properties of a combustion system, with the effects
of the inlet velocity and the equivalence ratio being scrutinized. The increase in both these
parameters promotes the flame temperature, which eventually promotes the temperatures of the
wall and the mixture and improves the heat release rate. It was concluded that the higher thermal
conductivity values reduce the blowout limit [36].
Konakov et al. [37] investigated propane/air combustion in a micro-reactor, employing a threedimensional (3D) numerical model. These computational results have been previously validated
experimentally, by a prototype. The propane mass flow rate was modified multiple times to see its
effects on the flame. The increase in the propane mass flow rate promotes the surface area of the
flame front, and in the case of non-steady analysis, such an increase promotes the chances of more
stable combustion.
Wang et al. [38] investigated, experimentally and numerically, the effect of the physical scale
variations on the premixed propane/air flame stability modes in a micro-scale porous combustor.
Particularly, three various channel heights were considered, with a 3D computational model
established. The flame was detected to be stable, even at a height smaller than the quenching
distance. Such a result is attributed to the increasing heat recirculation from the porous combustor
while increasing the risk of extinction. The range of flame stabilization became wider in such a
combustor as compared to a non-porous burner. The flame thickness was observed to significantly
grow with a decrease in the channel height. The thermal efficiency of these porous combustors
was found to be lower than that of the non-porous combustors.

2.2 Studies of hydrogen/air microscale combustion systems
Resende et al. [39] carried out a computational study to examine the impact of equivalence ratio
and dilution on premixed 𝐻2 /air combustion in an axisymmetric micro-channel. It was shown that
an increase in the nitrogen (𝑁2 ) concentration resulted in a stable flame settling further downstream
with a larger flame span, which are both caused by the fact that the excessive 𝑁2 moderates the
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combustion process. It was also found that an increase in the equivalence ratio can reduce the heat
release rates and the maximum temperature values (see Fig. 2.2).

Fig. 2.2: The NOx emissions, the total integrated heat release rates and the maximum gas temperatures versus the
dilution coefficients [39].

Yang et al. [40] investigated, numerically, the characteristics of 𝐻2 /air premixed burning in a swirl
micro-combustor, aiming to improve the flame stability and identify the effects of inlet velocity,
equivalence ratio and combustor material. It was found that at lower inlet velocities, the heat loss
rate grows, thus promoting the swirl exit temperature and thereby improving the flame stability.
On the other hand, an increase in the equivalence ratio can produce higher heat transfer rates,
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which indicates that the preheating energy for the incoming reactants is stronger at a higher
equivalence ratio, thereby improving the flame stability.

Fig. 2.3: A clockwise spinning flame at a velocity of 150 cm/s for the case of the d = 1.5 mm, (a) temporal evolution
of the temperature (solid) at the reference point P with coordinates (x, y, z) = (0.3, 0.1, 2.06) mm, and the heat
release rate (HRR) (dashed); (b, d, f, h) the iso-surfaces and the temperature iso-contours on the y–z plane at the four
times 𝑡1 to 𝑡4 marked in (a); (c, e, g, i) iso-contours of 𝑌𝑂𝐻 on the z = 1.5mm plane at the time instances t1–t4 [41].

The numerical approach to comprehending behaviors of lean 𝐻2 /air flame and ignition
characteristics were undertaken by Pizza et al. [41] for microscale combustion in channels with
varying heights, from 0.3 mm to 1 mm, at various inlet velocities, from 1 cm/s to 400 cm/s. To
account for the convective heat losses through the walls, due to a larger SAV ratio in a micro16

reactor, a controlled temperature profile on the wall has been imposed. From repetitive
ignition/extinction, symmetric V-shaped flames, and asymmetric flames, to oscillating and
pulsating flames (see Fig. 2.3), various flame types were revealed depending on the size of the
channel and the inlet velocity in the case of an 𝐻2 /air mixture in a microscale system. The results
are depicted in Fig. 2.4, where the richest combustion behavior occurs in the widest channel,
whereas, as the inlet velocity grows, the flame transitions to a symmetric front and an asymmetric
one with the height increase.

Fig. 2.4: The general stability diagram for microscale premixed combustion of the hydrogen/air fuels [41].

2.3 Premixed flame instability
2.3.1 Experimental studies
In microscale and mesoscale combustion, the flame instability is one of the most crucial features
that researchers have been working on minimizing the aftermath and the disturbance caused by
such a phenomenon. The high heat loss rate and strong flame-wall coupling (thermal and kinetic)
are the main causes of the flame instabilities. Various instability modes are particularly frequent
in microscale and mesoscale combustors, namely: FREI [42-45], spinning combustion [46], spiral
combustion and other flame patterns. Many experiments were conducted to investigate the FREI
instability mode for different fuel mixtures and combustion device configurations. Fan et al. [47]
conducted an experiment utilizing ultra-thin quartz channels with three different heights, 0.7, 1.0,
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and 1.5 mm (see Fig. 2.5), to analyze the propagation and extinction of a premixed C𝐻4 /air flame
under various equivalence ratios and mixture inlet velocities, with the combustion instability and
flame oscillations being identified and scrutinized by means of the C𝐻 ∗ /O𝐻 ∗ chemiluminescence
images. Here, the two flame modes: the steady flame and FREI, have been observed in all three
channels; see Fig. 2.6.

Fig. 2.5: A micro quartz combustor: schematic (a) and an image (b) of the combustion channel of width 16 mm and
length 25 mm. The combustion channel heights are d = 0.7, 1.0, and 1.5 mm [47].

Fig. 2.6: The OH* chemiluminescence of a steady flame in the 1.5-mm-thick combustion channel (left) and
oscillating flame in a 0.7-mm-thick combustion channel (right) [47].
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The findings of Ref. [47] are the following. 1) The flame oscillations in the micro channels can be
explained as a periodic process of three stages, i.e. the initialization and expansion of the flame
front at the ignition stage, flame propagation upstream and then quenching at the propagation stage
due to heat losses through the walls, and the recharge of the fuel/air mixture to the exit at a recharge
stage. 2) The range of the flammability limits narrows for thinner channels and is wider for higher
wall temperatures. 3) The flame quenching distance depends on the wall temperature; it can be
smaller than 0.7 mm for a wall temperature over 800 oC for this particular experimental
configuration [47].
Maruta et al. [48] investigated, experimentally and analytically, the characteristics of premixed
combustion in a heated channel with a diameter smaller than the conventional quenching distance
of the utilized fuel/air mixture. A stable flame mode was observed in the cases of high and low
mixture inlet velocity, while for the intermediate mixture velocity region, various flame instability
modes such as repetitions of ignitions and extinctions and pulsating flames were identified, see
Fig. 2.7, which illustrates direct images of two different flame modes: (A) stable flames at high
inlet velocities and (B) repeated flame extinction and ignition at relatively lower inlet velocities.

Fig. 2.7: Direct images taken for a stable flame (A) and a repeated extinction and ignition (B) [48].

The occurrence of a stable flame mode is attributed to a high flame velocity, which is balanced by
a high flow rate, in addition to a high wall temperature at the flame location, whereas the existence
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of the unstable flame mode is due to the large difference in temperature between the wall and the
flame region itself, which facilities the heat loss rate via the combustor walls, leading eventually
to extinction occurring upstream near the inlet region. However, since the downstream remains
hot enough, the incoming fuel/air mixture reaches the hot zone, auto-ignition will occur again, and
this cycle will repeat itself; see Fig. 2.8.

Fig. 2.8: A schematic of repeated extinction and ignition flames (FREI) for microscale/mesoscale combustion [7].

2.3.2 Computational studies
Numerical simulations focusing on the stability modes including unstable flames in the small-scale
combustors were modeled by Norton et al. [55], investigating the combustion characteristics and
the flame behavior in micro-burners utilizing a 2D computational model. Distinguished variations
in temperatures and heat release rates are detected. It is found that the inlet velocity has a noticeable
effect on the fame stability. The high flow rates decrease the rate of heat transfer upstream and can
trigger the flame quenching, while slower flows can also cause flame instability by promoting
conductive heat transfer so that the reaction zone is spread, and the external heat losses become
dramatically higher as compared to the heat generation that is evident to sustain combustion. It
was concluded that the optimum flow velocity, allowing the existence of stable flames, is ∼0.5
m/s (particularly for the model used in Ref. [34]).
Furthermore, Pokharel et al. [45] conducted a computational analysis of premixed syngas/air
combustion in micro-channels. The work [45] used the San Diego chemical mechanism [49] of 46
species and 235 chemical reactions to model the ignition process. Three syngas compositions were
considered. Also, two different flame phenomena were observed, the stable flames and the FREI
with respect to the inlet velocities, such that for high inlet velocities (0.5 to 3.0 m/s), the flame was
stable, see Fig. 2.9, whereas for the velocity range from 0.1 to 0.2 m/s, the flame became unstable
and the FREI was detected; see Fig. 2.10.
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Fig. 2.9: The total heat release rate (HRRT) versus time for the stable flame mode with the inlet velocity of 1.0 m/s at
various syngas fuel compositions [45].

Fig. 2.10: The total heat release rate (HRRT) versus time for the FREI mode with the inlet velocity of 0.2 m/s at
various syngas fuel compositions [45].

3 Methodology
Given the complexity, costs and time-consuming issues of experiments due to their size,
measurement techniques, surrounding environment, material costs, and time constraints, detailed
computational studies are regularly employed to investigate microscale combustion. Therefore,
the primary aim of this research is to attain a vivid and realistic understanding of premixed
methane/air microscale combustion, using computational methods, which is achieved by
employing a commercial package ANSYS Fluent [50], a finite-element-based CFD tool widely
used in modeling of a vast range of incompressible and compressible, laminar and turbulent flows.
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Here, a transient or a steady-state analysis can be performed. A variety of mathematical models
used for transport phenomena, heat transfer and chemical reactions are combined to allow for the
modelling of complex geometries and optimizing numerous cases. Thus, it is widely employed in
both academic and industrial projects. Examples of the ANSYS Fluent applications include
(though definitely not limited to) medium (air flow, fluid, solid) behavior, heat transfer and species
reactions with combustion-based power plants, turbomachinery, automotive internal combustion
engines, coal combustion in boilers, non-reacting flow analysis, aircraft's wing design, turbulence
modeling and other external aerodynamics systems. Fig. 3.1 illustrates the stages of a typical CFD
modeling using ANSYS Fluent, starting with designing geometry, which is called the “preprocessing” stage, followed by generating a mesh, prior to importing it into the ANSYS Fluent
solver.

Fig. 3.1: ANSYS Fluent modeling stages [50].

3.1 Governing equations
ANSYS Fluent solves the balance equations for the mass, momentum and energy for simulation
runs involving heat transfer, species mixing and reaction or its compressibility. The simulations
presented in my thesis have been performed without considering any turbulence.
Conservation of mass:
The mass conservation (continuity) equation reads
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𝜕𝜌
+ 𝛻 ∙ (𝜌𝑢
⃗ ) = 0,
𝜕𝑡

(3.1)

where 𝜌 is the mixture density and 𝑢
⃗ is the flow velocity vector.
Conservation of momentum:
Conservation of momentum is the general law of physics according to which the quantity that
characterizes motion never changes in an isolated system that contains different objects; that is,
the total momentum of a system remains constant,
𝜕
(𝜌𝑢
⃗ ) + 𝛻 ∙ (𝜌𝑢
⃗𝑢
⃗ ) = −𝛻𝑃 + 𝛻 ∙ (𝜏̅) + 𝜌𝑔 + 𝐹𝐵 .
𝜕𝑡

(3.2)

Here, the first and the second terms are the momentum rates of change within the system and the
momentum influx into the system which equals the sum of external forces acting in the system,
that is the right-hand side of the equation; 𝜌 is the mixture density, 𝑢
⃗ is the flow velocity vector,
𝑃 is the static pressure, 𝜏̅ is the viscous stress tensor, 𝑔 and 𝐹𝐵 are the acceleration vector caused
by gravity and the external body forces, respectively. Gravity and other external body forces are
neglected in this work.
Conservation of species:
The general species conservation equation employed in the numerical simulations reads
𝜕
𝜕𝑡

(𝜌Ƴ𝑖 ) + 𝛻 ∙ (𝜌𝑢
⃗ Ƴ𝑖 ) = −𝛻 ∙ 𝐽𝑖 + 𝑅𝑖 ,

(3.3)

where 𝑅𝑖 is the rate of production in the chemical reactions for the 𝑖 𝑡ℎ species. The mass fraction
of each species Ƴ𝑖 is obtained by solving the diffusion equation for the 𝑖 𝑡ℎ species, 𝐽𝑖 stands for
the diffusion flux of the 𝑖 𝑡ℎ species, caused by the gradients of the temperature and the species
concentration, and it is given by Fick’s law with respect to the concentration gradient,
𝛻𝑇
(3.4)
,
𝑇
is the mass diffusion coefficient of the 𝑖 𝑡ℎ species while 𝐷𝑇,𝑖 is the thermal diffusion
𝐽𝑖 = −𝜌𝐷𝑖,𝑚 𝛻(Ƴ𝑖 ) − 𝐷𝑇,𝑖

where 𝐷𝑖,𝑚
coefficient.

Conservation of energy:
The energy may be subject to changes or conversions within the system itself (i.e. chemical energy
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→ thermal/mechanical energy, potential energy → mechanical energy), depending on the nature
of the system. In the current case, the conservation of energy reads
𝑁

𝑁

𝜕𝑇
𝜌𝐶𝑝
+ (𝜌𝐶𝑝 )𝑢
⃗ 𝛻𝑇 = −𝛻𝑞 − 𝜌 ∑ 𝐶𝑝,𝑖 Ƴ𝑖 𝑉𝑖 − ∑ ℎ𝑖 𝛺𝑖 ,
𝜕𝑡
𝑖=1

(3.5)

𝑖=1

where 𝐶𝑝 is the specific heat capacity at constant pressure, the heat flux vector is 𝑞. The mass
fraction of each species Ƴ𝑖 is obtained by solving the diffusion equation for the 𝑖 𝑡ℎ species (with
N being the total number of species), while ℎ𝑖 , 𝛺𝑖 and 𝑉𝑖 are the specific enthalpy, the net
production rate, and the diffusion velocity, respectively.

3.2 Computational model
The computational domain is a 2D spatial region divided into the discretized square mesh elements
to computationally depict and imitate the physics and chemistry of the selected system. In this
work, the numerical simulations were carried out by means of ANSYS Fluent [50]. The simulation
setup parameters are listed in
Table 3.1. The 2D axisymmetric computational domain represents a micro-channel of length 10.75
cm and radius 1.15 mm, as schematically illustrated in Fig. 3.2b.
Table 3.1: Computational model main parameters.

Parameters

Methods

Solver type
Flow viscous model
Species reaction (Chemical Kinetics)

Pressure based solver
Laminar
Volumetric species transport, San Diego
mechanism (46 species and 235 reactions) [49]

Discretization
Pressure-velocity coupling
Transient formulation
Boundary conditions

Second-order upwind
COUPLE scheme
First-order implicit
Inlet: Velocity-inlet, Outlet: Pressure-outlet
External wall: Temperature thermal conditions
Axis: axisymmetric line
Standard

Initialization method

In addition, As mentioned earlier in Sec. 3.1, the mixture flow rate appears mainly in the laminar
flow regime because of the Reynold number, Re, being very low in narrow channels. Thus, we do
not consider turbulence in such a system, so the laminar species transport model is used here. Other
boundary conditions and parameters such as the inlet velocity of the fuel mixture, the inlet
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temperature, the wall temperature, the time steps, etc. are implemented in the ANSYS Fluent after
importing the geometry. The inlet mixture flow has a uniform velocity profile with a constant
temperature. A non-slip boundary condition is adopted for the flow interaction with the wall. The
wall temperature increases from 305 K at the inlet to circa 1,200 K at the outlet, and it is externally
controlled by a McKenna-style, flat-flame burner fueled by a H2/air mixture.

(a)

(b)

Fig. 3.2: The imposed wall temperature profile along the tube (a) and schematic of a 2D domain (b).

Such a configuration ensures the auto-ignition of the CH4/air mixture in the micro channel. Table
3.2 summarizes all simulated cases showing the choice of the inlet velocities, the equivalence
ratios, and the resultant flame mode. The 2D geometry is chosen because: (i) with multiple cases
simulated here, it would be extremely challenging to perform all simulations using a 3D domain
(limited by time and the computational resources), and (ii) although 3D simulations could provide
more refined results and additional details, 2D results nevertheless provide a solid and sufficient
understanding of the primary combustion stages. Furthermore, in order to save more time and
computational resources, half of the tube was simulated by employing the axisymmetric boundary
condition at the lower wall of the computational domain. The inlet and outlet of the channel are
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open and the temperature profile was imposed as a wall boundary condition similar to the
experimental wall temperature measured by Baumgardner et al. [51].
Table 3.2: A summary of the simulated cases depicting the selected inlet velocities, the equivalence ratios and the
resultant flame stability mode.

Inlet Velocity (m/s)

Mixture Regime

0.10
0.15
0.20
0.24
0.30
0.40
0.50
0.60

Stoichiometric
Stoichiometric
Stoichiometric, lean, rich
Stoichiometric
Stoichiometric
Stoichiometric, lean, rich
Stoichiometric
Stoichiometric

Equivalence Ratio
(φ)
1
1
0.6,0.8,1,1.2,1.4
1
1
0.6,0.8,1,1.2,1.4
1
1

The fuel-air mixture enters the tube at a constant temperature (extracted from the temperature
profile mentioned earlier) along with a no-slip boundary condition at the wall, with a uniform inlet
velocity value. A square mesh of size 0.1 mm and a time step of 10 µs were used for all the major
simulated cases (except for the resolution test). For unsteady flows, the premixed fuel/air mixture
properties vary with time and such an issue is typically encountered by solving the equations at
different characteristic time intervals before it reaches the steady flow conditions. Thus, to satisfy
this condition, the simulations took a considerable time. Generally speaking, in the computational
analysis, this time duration is divided into intervals and the calculations are carried out at each
single one of them. Such an incremental variation in time is known as the time step, which should
be chosen carefully as too large time steps might produce inaccurate results while smaller time
steps make the simulations unnecessarily longer with the larger file size. The chosen time step (10
µs) is found sufficient to successfully predict the ignition characteristics. In addition, with the
flame thickness being of the order of 1 mm, the chosen grid size is ensuring that the flame
characteristics are resolved sufficiently within circa 15 cells. The gird resolution and its sufficiency
to capture the flame details will be discussed in Sec. 3.2.1. The chemical kinetics is modeled by
the San Diego mechanism with 46 species and 235 reactions [49], which is sufficient to describe
the laminar flame dynamics at the microscale level and is able to successfully depict the ignition
characteristics [52]. The global chemical reaction for fuel-rich (𝜙 ≥ 1) burning reads
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𝜙𝐶𝐻4 + 2(𝑂2 + 3.76𝑁2 ) → 𝐶𝑂2 + 2(𝐻2 𝑂 + 3.76𝑁2 ) + (𝜙 − 1)𝐶𝐻4 ,

(3.6)

while for fuel-lean (𝜙 ≤ 1) combustion it becomes
𝐶𝐻4 + 2𝜙 −1 (𝑂2 + 3.76𝑁2 ) → 𝐶𝑂2 + 2(𝐻2 𝑂 + 3.76𝑁2 ) + 2(𝜙 −1 − 1)(𝑂2 + 3.76𝑁2 ).

(3.7)

Obviously, Eqs. (3.6) and (3.7) coincide for stoichiometric (𝜙 = 1) burning. Table 3.3 summarizes
all the species mass fractions for the selected cases.
Table 3.3: Summary of the reactants mass fractions for the simulated cases.

Equivalence Ratio (φ)
0.6
Fuel-lean
0.8
Stoichiometric
1
1.2
Fuel-rich
1.4

𝑦𝐶𝐻4
0.0337
0.0445
0.0550
0.0655
0.0754

Reactants Mass Fraction (𝑦𝑥 )
𝑦𝑂2
0.2252
0.2227
0.2202
0.2178
0.2155

𝑦𝑁2
0.7411
0.7328
0.7248
0.7167
0.7091

3.2.1 Grid independence test
The computational domain was segregated into evenly sized square mesh elements, with three
different grid sizes compared: 0.075 mm (fine), 0.1 mm (moderate), and 0.133 mm (coarse). To
compare the performance of these meshes, the maximum axial temperature is monitored as shown
in Fig. 3.3. It is evident that this temperature for the three cases is identical from the starting point
of the heating process until the mixture enters the ignition phase. It however experiences some
variations in the peak temperature, especially, for the coarse mesh.

Fig. 3.3: The grid independency test with the inlet velocity of 0.4 m/s.
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4 Results and discussion
In the present work, premixed CH4/air combustion in a 2D micro-reactor is studied, numerically,
by means of the ANSYS Fluent, and validated experimentally. The main objective of this work is
to scrutinize the flame behavior and combustion characteristics for various inlet velocities, in the
range 0.1 m/s – 0.6 m/s, and various equivalence ratios representing fuel-lean (𝜙 = 0.6, 0.8),
stoichiometric (𝜙 = 1), and fuel-rich (𝜙 = 1.2, 1.4) combustion. Varying these parameters, we
make the flame stable or make it experience repeated extinctions and ignition, i.e. FREI [27,35,54].
In the following section, the metrics such as the ignition time, span, location, the flame span and
the characteristics of the FREI are identified and studied for various operating conditions. Then,
the effects of inlet velocity and equivalence ratio are scrutinized.

4.1 Ignition characteristics
As the mixture is heated through the walls, the chain-branching reactions are initiated, and they
eventually trigger the ignition, which will form a V-shape flame front. In this work, the ignition
process is identified by the transient maximum axial temperature profile, 𝑇𝑎𝑥𝑖𝑎𝑙−𝑚𝑎𝑥 , which is
obtained at the tube centerline for each time step from the numerical simulation results.
Thus, the ignition time, 𝑡𝑖𝑔 , is defined as the time with the maximum gradient,
𝑡𝑖𝑔 = 𝑡 𝑑𝑇𝑎𝑥𝑖𝑎𝑙−𝑚𝑎𝑥
(

𝑑𝑡

)𝑚𝑎𝑥

.

(4.1)

Similarly, the extinction time (if any) is defined as the time with the minimum gradient,
𝑡𝑒𝑥 = 𝑡 𝑑𝑇𝑎𝑥𝑖𝑎𝑙−𝑚𝑎𝑥
(

𝑑𝑡

)𝑚𝑖𝑛

.

(4.2)

It is noted that the extinction time parameter is utilized when analyzing the FREI mode, but it has
no significant meaning to describe a stable flame, which does not experience quenching/extinction.
Consequently, an additional parameter is introduced to describe a stable flame mode: namely, the
so-called stabilized flame time 𝑡𝑠𝑡 , defined as the instant at which the flame is stabilized having a
fixed location and span for the remaining combustion process,
𝑡𝑠𝑡 = 𝑡 𝑑𝑇𝑎𝑥𝑖𝑎𝑙−𝑚𝑎𝑥
(

𝑑𝑡
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=𝑧𝑒𝑟𝑜)

.

(4.3)

Fig. 4.1: The maximum axial temperature versus time for the inlet velocity of 0.4 m/s. The markers represent the
specific time steps for further clarification in Fig. 4.2.

Fig. 4.1 further demonstrates pre-ignition, ignition, and post-ignition features of a stable flame.
Here, point (b) indicates the ignition with the peek temperature gradient. Fig. 4.2 complements
Fig. 4.1 with the temperature contours to visualize the ignition process. In particular, the chainbranching reaction starts at an instant like (a), as the fuel/air mixture has been preheated, and goes
through time (b), indicating the beginning of the ignition process. At instant (b), the maximum
axial temperature experiences the highest gradient; as a result, the flame front is formed, separating
unburnt and burnt gases. State (b) determines the ignition time 𝑡𝑖𝑔 .

Fig. 4.2: Temperature contours at the selected successive time steps for the ignition process at the inlet velocity of
0.4 m/s. The length is measured in meters.
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Moving forward from instant (b) to instants (c), (d), and (e) in Figs. 4.1 and 4.2, the flame starts
propagating upstream until it either becomes stable or extinguishes, depending on the operating
conditions to be discussed below. The ignition location is also examined to fully describe the entire
ignition process (see Fig. 4.3). Using the axial temperature variation at the ignition time, the
ignition location is defined as the location bounded by the positive, 𝑥𝑖𝑔−𝑠𝑡 , and negative, 𝑥𝑖𝑔−𝑒 ,
peak temperature gradients,
𝑥𝑖𝑔−𝑠𝑡 = (𝑥(𝑑𝑇)

𝑑𝑥 𝑚𝑎𝑥

𝑥𝑖𝑔−𝑒 = (𝑥(𝑑𝑇)

𝑑𝑥 𝑚𝑖𝑛

)𝑡𝑖𝑔 ,

)𝑡𝑖𝑔 .

(4.4)
(4.5)

The ignition span, ∆𝑥𝑖𝑔 , is defined as the difference between these two points,
∆𝑥𝑖𝑔 = 𝑥𝑖𝑔−𝑠𝑡 − 𝑥𝑖𝑔−𝑒 .

(4.6)

(a)

(b)

Fig. 4.3: The temperature data at the time of ignition for the inlet velocity of 0.4 m/s. The length is measured in
meters. (a) The temperature profile along the x-axis. (b) The temperature contour at the selected time step.

4.2 Stable flame mode
In the event of the stable combustion modes, the flame propagates further upstream and sustains
its shape, behavior, and location, starting from point (e) in Fig. 4.1. Similar to the ignition process,
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the stable flame is characterized by its location and span. As illustrated in Fig. 4.4, the location of
the flame span is extracted from the axial temperature profile at the time instant 𝑡𝑠𝑡 , when the flame
is stabilized and no longer changes. Using this temperature profile, the maximum and minimum
temperature gradients are determined to mark the two extremes of the stable flame,
𝑥𝑠𝑧−𝑠𝑡 = (𝑥(𝑑𝑇)

)𝑡𝑠𝑡 ,

(4.7)

𝑥𝑠𝑧−𝑒 = (𝑥(𝑑𝑇)

)𝑡𝑠𝑡 ,

(4.8)

𝑑𝑥 𝑚𝑎𝑥

𝑑𝑥 𝑚𝑖𝑛

Accordingly, the span of the stabilized flame is defined as the difference between these points,
∆𝑥𝑠𝑧 = 𝑥𝑠𝑧−𝑠𝑡 − 𝑥𝑠𝑧−𝑒 .

(4.9)

(a)

(b)

Fig. 4.4: The axial temperature data for the stabilized flame for the inlet velocity of 0.4 m/s. The length is measured
in meters. (a) The temperature profile along the x-axis. (b) The temperature contour at the selected time step.

4.3 Flames with repetitive extinction and ignition (FREI) mode
The flame behavior at micro scales is very sensitive to the operating conditions and can deviate
from the stable mode after the ignition [27]. In some cases, the flame cannot sustain itself due to
unrestrained heat loss through the tube wall. However, after the flame extinguishes, the supply of
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the fresh fuel-air mixture will eventually reach the high-temperature zone downstream of the tube
and ignite again.

Fig. 4.5: The maximum axial temperature versus time for the inlet velocity of 0.2 m/s in the case of the FREI mode.
The markers represent specific time steps for further clarification in Fig. 4.6.

Such phenomenon is detected, numerically and experimentally, in the literature [35,45,55], and it
is referred to as flames with repetitive extinctions and ignitions (FREI). To better comprehend the
FREI phenomena, a specific case with an inlet velocity of 0.2 m/s is presented in this section.

Fig. 4.6: The temperature contour for a flame with a FREI mode with the inlet velocity of 0.2 m/s. The instants (a)–
(h) correlated with the relevant markers in Fig. 4.5.
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Specifically, Fig. 4.5 shows variations in the maximum axial temperature during the combustion
process, while Fig. 4.6 shows the temperature contours corresponding to the selective time steps
in Fig. 4.5. Here, the dynamics of the ignition process exactly resemble that of the stable flame.
However, in a FREI mode, as the flame front is formed and propagates upstream, it starts to
diminish after point (d) until flame extinction occurs right before point (e). Due to the uninterrupted
fuel-air feeding source, the mixture ignites again, and the process occurs repeatedly, as clarified in
the rest of the points, (f) – (h) in Fig. 4.5 and 4.6.
4.3.1 Comparison with experimental observations
Unstable flame behavior discussed in the previous section is also observed in the corresponding
experimental work, especially the FREI length, defined as the distance that the flame travels before
extinction. As shown in Fig. 4.7, the FREI length can be compared throughout the processed image
extracted from the experimental work [51], along with the temperature contours obtained from the
simulation data for one FREI cycle at the same operating conditions. The maximum axial
temperature for the corresponding time instants in the contour plots is also added to this figure for
a deeper understanding of the FREI phenomenon and for comparison purposes. As defined earlier,
the maximum and the minimum gradient points for each plot define the boundaries of the
respective flame at the respective time instant. From the experimental results, the FREI length is
26 mm, which is in decent agreement with that of the numerical results (25.6 mm). Further, the
phenomenon of the double flame front is detected at the first three time instants (a-c), it is where
a strong flame is propagating upstream and a second weaker flame is also appearing further
downstream. Such phenomenon has been observed numerically, for a methane-air mixture, by
Nakamura et al. [54], and experimentally, for a propane/air mixture, by Baumgardner et al. [44].
On the other hand, there is a seen deviation for the FREI location, namely, the experimental FREI
location occurred slightly further downstream as compared to the numerical one. This can be
attributed to (i) the way of defining ignition and extinction points when post-processing the
numerical simulation results, since the FREI location and length are detected experimentally, by
means of the chemiluminescence profile of the CH radicals (unlike our numerical approach, where
the maximum axial temperature data has been considered) and (ii) uncertainties in detecting the
FREI location in the experimental setup, because for such small-scale work environment, the slight
variations in the ambient conditions could potentially influence the readings and the outputs of the
experiment.
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Fig. 4.7: The axial temperature data along with the wall temperature profile and the temperature contour for a flame
with a FREI mode at the inlet velocity of 0.2 m/s; the points (a)–(e) show the consecutive time instants of one cycle
of the FREI mode. Also shown is the processed image of the actual FREI flames at 0.2 m/s – the start and the end
location of each image/contour correspond to the respective experimental locations.

4.4 Impact of the inlet velocity
4.4.1 Impact of the inlet velocity on the ignition process
The purpose of this subsection is to show how the variation of the inlet velocity can impact the
combustion characteristics discussed in the prior sections. Specifically, various inlet velocities
ranging from 0.1 m/s to 0.6 m/s were used to form a total of eight cases. The results from these
simulations showed that the cases with inlet velocities exceeding 0.24 m/s become stable, while
those with lower inlet velocities experience the FREI mode. The ignition properties (as defined in
Sec. 4.1) are determined for all cases and listed in Table 4.1. These results show that the mixture
ignites faster with the increase of inlet velocity since the fuel-air mixture reaches the higher
temperature (which is required for auto-ignition) faster at the higher inlet velocities, due to a
shorter residence time. This is also consistent with the experimental and numerical findings in the
literature [28,45,47,55]. Similarly, the ignition locations presented in Table 4.1 suggest a
straightforward trend, i.e. ignition occurs further downstream for the higher inlet velocities.
Furthermore, the ignition span is larger for the cases with the higher inlet velocities. This is mainly
attributed to the larger burning rates at the higher inlet velocities resulting in an extended ignition
surface.
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Table 4.1: Ignition properties for different inlet velocities.

Inlet Velocity (m/s)

Ignition Time (s)
𝑡𝑖𝑔

0.10
0.15
0.20
0.24
0.30
0.40
0.50
0.60

0.4405
0.2430
0.2435
0.1625
0.1580
0.1225
0.0975
0.0835

Ignition Location (mm)
𝑥𝑖𝑔−𝑠𝑡
𝑥𝑖𝑔−𝑒
54.90
64.00
67.40
67.50
66.80
64.50
67.00
74.10

Ignition Span (mm)
∆𝑥𝑖𝑔

56.80
66.20
69.85
69.80
69.20
67.90
70.50
78.00

1.90
2.20
2.45
2.30
2.40
3.40
3.50
3.90

4.4.2 Impact of the inlet velocity on a stable flame mode
The stable flame characteristics are identified and presented in Table 4.2 for all stable cases (inlet
velocities exceeding 0.24 m/s). It is observed that an increase in the inlet velocity results in forming
a wider flame span stabilized further downstream, consistent with the literature [45,55]. Overall,
it can be inferred that with relatively higher inlet velocities the combustion process is more stable
(the wall temperature at the stable flame location is relatively high and the heat loss is therefore
relatively low). This leads to a stable flame, with the flame speed balancing the flow velocity.
Table 4.2: The stabilization location and the flame span for the stable cases.

Inlet Velocity
(m/s)
0.30
0.40
0.50
0.60

Flame Location (mm)
𝑥𝑠𝑧−𝑠𝑡
𝑥sz−e
51.10
52.60
54.40
56.15
56.90
58.80
58.90
61.00

Flame Span (mm)
𝛥𝑥𝑠𝑧
1.50
1.75
1.90
2.10

4.4.3 Impact of the inlet velocity on a FREI mode
As explained earlier, at lower inlet velocities, the flame deviates from the stable mode experiencing
the FREI mode, which is characterized by the FREI period, 𝜏𝐹𝑅𝐸𝐼 (adopted to further explain the
impact of the inlet velocity for such a flame), which is defined as the time required for a flame to
attain two consecutive ignition events [45]. According to Table 4.3, the value 𝜏𝐹𝑅𝐸𝐼 increases for
the lower inlet velocities. Such a tendency is attributed to the lower flow rates which implies the
relatively larger flame residence time during each ignition-extinction cycle, thereby increasing the
FREI period.
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Table 4.3: The FREI time for different inlet velocities.

Inlet Velocity (m/s)

0.10

0.15

0.20

0.24

𝝉𝑭𝑹𝑬𝑰 (ms)

102.53

89.60

68.30

64.67

4.5 Impact of the equivalence ratio
4.5.1 Impact of the equivalence ratio on ignition characteristics
In this section, the impact of the equivalence ratio, 𝜙, is analyzed. For this purpose, five various 𝜙
have been chosen: two lean (𝜙 = 0.6 and 0.8), stoichiometric (𝜙 = 1), and two rich (𝜙 = 1.2 and
1.4). To fairly comprehend the influence of such alteration on both flame modes (stable and FREI)
scrutinized in this work, each equivalence ratio was considered at two different inlet velocities of
0.4 m/s (representing the stable mode at 𝜙 = 1) and 0.2 m/s (representing the FREI mode at 𝜙 = 1).
Such variations help examining the impact of the equivalence ratio on both stable and unstable
flames. The simulation results show a high sensitivity of the flame behavior to such alterations,
with the ignition time and span and the maximum temperature points being affected significantly.
Table 4.4: The ignition properties for two inlet velocities, 0.2 m/s and 0.4 m/s, at a range of equivalence ratios.

Inlet Velocity

Equivalence ratio (φ)

Fuel-lean
0.4 m/s

Stoichiometric
Fuel-rich
Fuel-lean

0.2 m/s

Stoichiometric
Fuel-rich

0.6
0.8
1
1.2
1.4
0.6
0.8
1
1.2
1.4

Ignition
Time (s)
𝑡𝑖𝑔
0.1275
0.1205
0.1225
0.1170
0.1160
0.2390
0.2305
0.2435
0.2215
0.2195

Ignition Location (mm)
𝑥𝑖𝑔−𝑠𝑡
67.20
69.70
64.50
69.00
69.95
62.20
60.05
67.40
61.00
60.05

𝑥𝑖𝑔−𝑒
69.40
72.50
67.90
72.10
72.90
64.45
62.45
69.85
62.95
62.05

Ignition Span (mm)
∆𝑥𝑖𝑔
2.20
2.80
3.40
3.10
2.95
2.25
2.40
2.45
1.95
2.00

Table 4.4 summarizes the ignition properties for various equivalence ratios under each inlet
velocity. It is shown that the richer the fuel mixture, the faster the ignition for both the stable and
the unstable mode is, while for the ignition location, the stoichiometric case is solely representing
the closest ignition locus to upstream, unlike the lean and the rich cases that tend to creep
downstream. In contrast, for the unstable mode, the ignition location for 𝜙 = 1 is the farthest from
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the inlet, whereas the richer and leaner cases are located upstream, closer to the inlet. As for the
ignition span, the stoichiometric condition produces the largest ignition span, for both flame
stability modes. The following two subsections will further elaborate the impacts of the
equivalence ratio on the two flame modes comprehensively.
4.5.2 Impact of equivalence ratio on a stable flame mode
As shown in Sec. 4.5.1, the stable flame properties at the microscale level can be impacted by the
equivalence ratio 𝜙. Specifically, 𝜙 impacts the maximum flame temperature, the flame stability,
the ignition time and other flame characteristics. Fig. 4.8 compares the ignition process for various
𝜙. It is evident that the fuel-air mixture ignites slightly faster when the mixture is richer, due to an
increased fuel concentration in this mixture. However, such an increase in the fuel concentration
is limited: exceeding the flammability limit results in no ignition. It is also observed that the
ignition is more delayed for the leaner cases. On the other hand, increasing 𝜙 further does not
show substantial variation in the ignition time. For example, the ignition times of the rich cases of
𝜙 = 1.2 and 1.4 are almost the same. It is also noted that the peak maximum temperature points
for the stoichiometric and the rich cases are also quite close, while being lower for the lean cases.
Even though the variation of the equivalence ratio changes the main characteristics of the stable
flames, the flame mode remains stable in most of the cases, except for those when the fuel mixture
is highly rich, 𝜙 = 1.4. In the latter case, the flame deviates from the stable mode and becomes
distinctly unstable. Specifically, after the flame is ignited, it moves upstream and extinguishes, and
then a weak flame appears further downstream, where it resides and sustains its shape. Moreover,
it is seen in Fig. 4.8 that at the inlet velocity of 0.4 m/s, the tendency of the transition between the
stable and FREI modes is higher for richer fuel mixtures as compared to the leaner ones. Also, the
threshold inlet velocity, at which such a transition is observed, decreases from the rich to the lean
cases. For instance, at a stoichiometric condition, the transition from the FREI to the stable mode
is evident for the inlet velocity of 0.25 m/s, while at the rich conditions, it is noticed at the velocity
of 0.4 m/s; see Fig. 4.8. Such behavior is clearly observed by an experimental work of Di Stazio
et al. [53] at similar conditions.
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Fig. 4.8: The maximum axial temperature versus time for various equivalence ratios at the inlet velocity of 0.4 m/s.

Table 4.5 shows that the stable flame location is also influenced by the equivalence ratio. For
leaner combustion, 𝜙 = 0.6, the flame stabilizes further downstream, requiring more time to
achieve stability as also illustrated in Fig. 4.8. However, the stable flame location moves upstream
when the fuel-air mixture is closer to the stoichiometric condition. On the other hand, when the
mixture becomes richer, the stabilized flame location is shifted again downstream even though the
flame is stabilized a bit faster than that for the leaner cases. Such results are attributed to the higher
fuel concentrations.
Table 4.5: The stabilization location and the flame span for the stable flames at the inlet velocity of 0.4 m/s.

Equivalence Ratio
(𝝓)
0.6
Fuel-lean
0.8
Stoichiometric
1
Fuel-rich
1.2

Flame Location (mm)
𝑥𝑠𝑧−𝑠𝑡
𝑥sz−e
56.51
58.23
54.90
56.60
54.40
56.15
56.60
58.05

Flame Span (mm)
𝛥𝑥𝑠𝑧
1.72
1.70
1.75
1.45

As for the flame span, no significant variations are detected, despite that the largest flame span is
found at the stoichiometric conditions, being as high as 1.75 mm, whereas it is as low as 1.45 mm
for the rich fuel-air mixture.
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4.5.3 Impact of equivalence ratio on the flames with the FREI mode
The impact of 𝜙 is also analyzed for the FREI mode characteristics. In particular, Fig. 4.9 depicts
the maximum axial temperature data for various five equivalence ratios with the same inlet velocity
of 0.2 m/s. It is shown that for 𝜙 = 0.8 ~ 1.2, the FREI mode is maintained, though the FREI
characteristics such as the FREI period and temperatures change. For instance, the lean mixture
with 𝜙 = 0.8 ignites earlier than the stoichiometric one, though later than the rich mixture with
𝜙 = 1.2. Additionally, the shape of the maximum temperature profile for the first ignition cycle is
quite different for each regime. As for the FREI time and the maximum axial temperature, the
stoichiometric case represents the highest maximum axial temperature point among the three cases,
while the lean mixture cases show the lowest. Also, as listed in Table 4.6, the FREI period of the
first cycle is the largest for the stoichiometric mixture, where it takes longer for the flame to
extinguish, while rich combustion produces the shortest FREI period.

Fig. 4.9: The maximum axial temperature versus time for various equivalence ratios at the inlet velocity of 0.2 m/s.
Table 4.6: The FREI time for various equivalence ratios at the inlet velocity of 0.2 m/s.

Equivalence Ratio (𝝓)

0.8

1

1.2

1.4

𝝉𝑭𝑹𝑬𝑰 (ms)

66.85

68.30

59.40

N/A

As expected, increasing 𝜙 above a certain limit will eventually lead to flame quenching, due to the
relatively insufficient fraction of the oxidizer in the fuel mixture, and this is evident for the richest
mixture considered, 𝜙 = 1.4. In this case, the flame does not sustain after the initial ignition. In
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contrast, for the leanest mixture, 𝜙 = 0.6, the FREI mode is no longer observed, and the flame
experience a stable mode indicating the role of 𝜙 in altering the flame stability limits. Therefore,
in some cases, the equivalence ratio 𝜙 can be used as a controlling factor to stabilize the flame.

5 Conclusions and future work
5.1 Conclusions
In this thesis, CH4/air premixed combustion in a micro-channel with a controlled wall temperature
profile was explored, numerically. The combustion characteristics were examined for various inlet
velocities, ranging from 0.1 m/s to 0.6 m/s, which represent two distinct flame modes: the stable
flame and the flames with repetitive extinction and ignition (FREI). The ignition time, location,
and span were determined for each case, as well as the properties of the stable flames and FREI.
Also, the influence of the equivalence ratio, ranging from 0.6 to 1.4, on the flame behavior and the
stability limits is analyzed. It is found that the ignition characteristics are significantly sensitive to
the operating conditions. Additionally, the FREI was evident for the inlet velocity range of 0.1 m/s
~ 0.24 m/s, and it was found that the main reason behind such behavior is attributed to the flame
propagating further upstream with a relatively low wall temperature and the heat losses through
the combustor wall. Such an encounter hinders the ignition process, so the flame is not able to
sustain itself and its extinction is inevitable, even though the mixture will ignite again as soon as
the fresh gas fills the pipe, and the process will be repeated periodically. Moreover, it is concluded
that the stable flame mode is not sustained when 𝜙 = 1.4 and that the lean mixtures with 𝜙 = 0.6
can potentially stabilize a FREI mode and produce a weak stable flame.

5.2 Current work impact
The findings of this work will be beneficial in achieving the following specific goals:
➢ Realizing the nature of the combustion process and the behavior of a propagating flame in
a microscale environment.
➢ Constituting the stability limits of CH4/air combustion in the microreactors at various inlet
velocities and equivalence ratios.
➢ Selecting the optimum operating conditions for a sustained microscale combustion.
➢ A step in the direction of understanding and characterizing the FREI mode.
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➢ Assisting future researchers in the design and development of more robust and effective
microscale combustors.

5.3 Future works
The current research work can be further expanded by utilizing the following ideas:
➢ Various wall temperature profiles to be imposed in order to scrutinize their impact on the
flame behavior and the stability limits.
➢ Account for the impact of conjugate heat transfer and how it can impact the flame behavior.
➢ Consider the three-dimensional (3D) models and compare the simulation outcomes with
those of two-dimensional (2D) simulations.
➢ Study the geometrical impacts on CH4/air combustion at microscales, by undertaking both
the experimental and numerical analysis over different geometries.
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